We present the structure of four precursors for [D-Ala2ljdeltorphins I and H as deduced from cDNAs cloned from skin of the frog PhyUomedusa bwolor. These contain the genetic information for one copy of [D-Ala2Jdeltorphin H and zero, one, or three copies of [D-Ala2jdeltorphin I. In each case, the D-alanine of the end product is encoded by a normal GCG codon for L-alanine. In addition, the existence of three peptides related to dermorphin was predicted from the amino acid sequence of the precursors. 
shown to have high affinity and selectivity for A&-type opioid receptors (1, 2) . By using a cDNA library prepared from skin of Phyllomedusa sauvagei, the amino acid sequence of several dermorphin precursors was established (3) and it was shown that the D-alanine present in the final product was encoded by a normal codon for L-alanine. From the sequence of one of these cDNAs, the existence of another peptide was predicted that contained methionine as the second amino acid (3) . This peptide with a D-methionine as the second amino acid was subsequently isolated from skin of Ph. sauvagei (4, 5) . As demonstrated independently by three groups (4, 6, 7) , this peptide had a higher affinity and selectivity for a opioid receptors than any other known natural compound. We have therefore proposed the name deltorphin for this compound (4) . Subsequently, two additional peptides with even higher affinity for the 8 receptor were isolated from the skin of Phyllomedusa bicolor (8) . Like (10) . Filters were then rescreened with the same oligonucleotide but containing A and G in the sixth position. This probe hybridizes to the codons of [DAla2]deltorphin I, which has aspartic acid as the fourth amino acid. Several clones that gave a positive signal with both probes were selected, and DNA was isolated by standard procedures and sequenced by the chemical degradation and the enzymatic method (11, 12 
Nucleotide and deduced amino acid sequences of clone AD2 from skin of Ph. bicolor. The amino acid sequence is given in single letters; only the deltorphin copies and the sequences of predicted peptides related to dermorphin are emphasized by using the three-letter code. The nucleotide sequence of clone AD3 was almost identical to that of AD2 except for a deletion of two codons (overlined) and a silent point mutation (not shown). AD3 also had a somewhat longer 5' untranslated end than AD2 (not shown). In clone AD7 the region between the marks ( §) was absent. Clone AD8 had a smaller deletion starting at the nucleotide marked # and ending, as in AD7, just before the stop codon. with an initiating methionine and a typical signal peptide. In the sequence encoding the propolypeptide, four copies of a 108-base repeat and two shorter variants thereof are present (Fig. 1) II. The two variants encode peptides similar to dermorphin. All these known and predicted peptides contain the aminoterminal sequence Tyr-Ala-Phe, which is preceded by the typical prohormone processing signal Lys-Arg. Following the deltorphin sequence is the more complex processing sequence Gly-Glu-Ala-Lys-Lys, the glycine being required for the formation ofthe carboxyl-terminal amide (13, 14) . The same flanking sequences have also been found in the dermorphin precursors from Ph. sauvagei (3). Conversely, after the dermorphin variant that contains tryptophan, a single arginine residue is present in the [D-Ala2]deltorphin precursor. Processing at single arginines has been observed in several prohormones (15) as well as in the precursors of peptides present in the skin of the frog Xenopus laevis (16, 17) . The other dermorphin relative terminates with the sequence Pro-Lys-Arg. Following endoproteolytic cleavage after the arginine residue, the carboxypeptidase can be expected to hydrolyze the Lys-Arg bond but not the Pro-Lys bond (15) .
The nucleotide sequence of a second clone, termed AD3, was almost identical to that of AD2 (Fig. 1) , the main difference being a deletion of two codons in the sequence of one of the dermorphin homologues. The final product in this instance would thus be a pentapeptide rather than a heptapeptide.
The two other cloned cDNAs, AD7 and AD8, were identical to AD2 in the coding and 3' regions, and both terminated with a poly(A) tract. However, these cDNAs have a large deletion in the central part (Table 3 ).
In the sequence ofthese precursors, the segments encoding deltorphin and dermorphin and the respective processing sites are separated by highly conserved spacer peptides. Processing at Lys-Arg pairs will also liberate these spacer peptides containing 19 amino acids, of which 11 are glutamic residues. Skin secretion of these frogs should thus contain high amounts of these peptides, but it is not known whether they have any biological function. However, it is noteworthy that the sequence of these spacer peptides is highly conserved between Ph. bicolor and Ph. sauvagei (Fig. 2) . (18) .
DISCUSSION
Formerly, the existence of deltorphin was predicted from a cDNA sequence of the dermorphin precursor from skin of Ph. sauvagei (3) , and this peptide was subsequently detected in skin extracts (4 synthetic dermorphin/deltorphin hybrid peptides has confirmed this notion (19) . Following its discovery in 1981, dermorphin and a variant form containing hydroxyproline instead of proline were thought to be the only opioid peptides present in amphibian skin. Through a combination of cDNA cloning, pharmacological testing, and peptide chemistry, several additional peptides with this activity have been discovered. Two subgroups can now be distinguished based on the binding to different opioid receptors. Dermorphin and its relatives have a high affinity and selectivity for tL receptors, whereas the deltorphins are specific 6-receptor agonists. All these peptides have the amino-terminal sequence Tyr-D-Xaa-Phe in common, where Xaa is in all but one case D-alanine. Since detailed studies have been restricted to only two species of Phyllomedusinae, Ph. sauvagei and Ph. bicolor, the presence of yet additional peptides of this type in other species is likely.
The evolutionary aspects of the genes for these precursors are of some interest. The cDNA and the predicted amino acid sequence of the dermorphin precursor from Ph. sauvagei (3) and the [D-Ala2]deltorphin precursor from Ph. bicolor show a high degree of homology over most parts. A comparison of spacer regions of the two precursors, which are located between the copies of the end products (Fig. 2) , reveals that these sequences are 86% and 89% identical at the cDNA and amino acid level, respectively. This overall homology is interrupted by mutational "hot spots" in the regions encoding the final products. For example, dermorphin and deltorphin differ from each other by 13 point mutations, and these in turn differ from the [D-Ala2]deltorphins by 9 mutations each. For a sequence of only seven codons, this indicates a high rate of mutational change. Comparisons of homologous precursors from different species usually reveal the greatest similarities for the segments encoding the mature product and more variations in those parts belonging to the proregions. The conserved A and B chains of insulin as opposed to the highly variable C peptide illustrate this point. It is not known why the opposite situation applies with the dermorphin and deltorphin precursors from two frog species of the same subfamily. One possibility is that these spacer sequences were conserved because they have some important steric function in, for example, the biosynthesis of the D amino acid. Alternatively, these highly acidic peptides may well have biological activity important for the function of the skin secretion of these tree frogs.
